The photoelectric method using carbon black as a nondiffusible tracer of blood was compared with the hydrogen clearance (H2) method in nine anesthetized cats. A photoelectric apparatus and H2 electrode were applied to a small region of the cerebral cortex (left ecto sylvian gyrus) for simultaneous measurement of the re gional CBF. The values of CBF(H2) and CBF(photoelec tric) were 50.7 ± 19.2 and 52.1 ± 14.5 ml' 100 g-I . min-I, respectively. CBF(H2) and CBF(photoelec tric) were found to correlate well (r = 0.588, p < 0.01) when changes in CBF were induced by CO2 inhalation, exsanguination, hyperventilation, and occlusion of the middle cerebral artery. The correlation between CBF(H2) and CBF(photoelectric) was much better in the case of Abbreviations used: CBV, cerebral blood volume; H2, hy drogen clearance; MCA, middle cerebral artery; SP D, silicone photodiode.
For measuring the cortical blood flow of the brain in experimental animals, numerous techniques, e.g., the inert gas clearance technique, microsphere method, autoradiographic technique, thermistor method, dynamic recording of isotopically labeled substances injected into the bloodstream, etc., have been reported. However, none of these methods is feasible for quantitatively measuring time-to-time changes in CBF. To meet the require ment of better temporal resolution, we developed a photoelectric method (Tomita et aI., 1978a (Tomita et aI., , 1983 that permits frequent determinations of cortical blood flow together with continuous recording of the blood volume of the cortex. Employing this photoelectric method, some new insights into the brain under pathophysiological conditions have been obtained (Tomita et aI., 1978b (Tomita et aI., , 1980 (Tomita et aI., , 1983 To mita, 1988) . However, strict objective verification of the validity of the photoelectric method has not yet been carried out.
This article therefore attempts to compare two flow values measured simultaneously in the same area of the cerebral cortex in nine cats using our photoelectric method and the hydrogen clearance (H2) method. The results are discussed in relation to the underlying assumptions and practical appli cability of the two techniques.
MATERIALS AND METHODS
Simultaneous measurements of local blood flow in the cerebral cortex (left ectosylvian gyrus) were carri ed out by the photoelectric and H2 methods in nine cats anesthe tized with chloralose and urethane, and ventilated artifi cially under immobilization with alcuronium chloride. The expired CO2 gas concentration was monitored and regarded as roughly equivalent to the arterial Pc02 in mm Hg calculated on the basis of (A -B)C, where A was the atmospheric pressure of � 760 mm Hg, B the vapor pres sure of water at 37°C (47 mm Hg), and C the expired CO2 gas concentration expressed in percentage. CBF values were obtained by the photoelectric method and the H2 method from the cat brain in the control state, in a state of increased CBF during 5% CO2 inhalation and in a state of decreased CBF after transorbital occlusion of the left middle cerebral artery (MCA).
The practical procedure for applying the photoelectric apparatus to the cortex was the same as that described elsewhere (Tomita et al., 1978a) . Briefly, a small lamp (0.7 mm in outer diameter) was inserted into the marginal area between the cortex and subcortex in the ectosylvian gyrus from a sidewards direction (from the parieto-occip ital area), and a photosensor (silicon photodiode with a sensitive area of 3 x 5 mm) was fixed on the skull bone surface excavated to the diploe. Monitoring was carried out of the maximum intensity of the transmitted light, which showed up as a red spot. The light source and pho todetector thus constituted a transillumination system of the cortical layer in situ. With a color filter (BPB-55, Fuji Photo Film Co., Tokyo, Japan), changes in the optical density of the cortical tissue at the isosbestic point of he moglobin of 548 nm were detected. The cerebral blood volume (CBV) was evaluated from the relative changes in redness assuming the control CBV to be 6.3 vol% (Tomita et ai., 1978a) . After injection of 0.2 ml of 1/40 diluted bio logical carbon black solution (Pelikan Werke, Hanover, ER.G.) into the left carotid artery via a catheter inserted into the lingual artery, the tissue carbon black dilution curve was recorded with the photoelectric apparatus, which also served as a densitometer head in situ. The mean transit time of blood (i) through the cortical tissue was calculated from the tissue carbon black dilution curve based on the area-over-height principle (Tomita et ai., 1983) . The CBF (photoelectric) value was calculated from CBV and t as CBF(photoelectric) = CBvii The H2 electrode consisted of a platinum wire of 300 Il-m in diameter with a silver-silver chloride electrode as reference placed between the temporal muscle and the skull bone. The sensitive part of the H2 electrode was only the cut surface of the platinum wire to which a posi tive voltage of 0.5 V was applied. We found that the ox ygen effect was negligible at this voltage. The output of the electrode was fed with a parallel resistance of 10 kO to a DC recorder with a maximum sensitivity of 1 m V full scale. Because the output was sufficiently large, no spe cific treatment such as platinization on the platinum sur face (Gotoh et ai., 1966) , or the introduction of a pream plifier to increase the amplitude was required. The H2 electrode was implanted into the cortex near the photo electric apparatus (�3 mm away from the center of the red spot caused by the lamp). Pure hydrogen gas was in haled by the cat for a few seconds through the air inlet of the respirator. Flow values were calculated from the de saturation phase of the H2 clearance curve plotted on semilogarithmic paper. To circumvent errors due to arte rial recirculation, the fust I min of the down slope was simply discarded, and the subsequent straight component was read off to give the half time (T 11.!). CBF(H2) was cal culated as CBF(H2) = Aklm = 0.693AlmT 11.! J Cereb Blood Flow Metab, Vol. 8, No.5, 1988 where A was the blood:brain partition coefficient, k the rate constant of the exponential decrease, and m the factor m of Kety (Tomita and Gotoh, 1981b) . The value of A was taken to be unity, as assumed by Aukland (1965) for renal tissue, and that of m was also taken to be unity because H2 gas was known to be highly diffusible. We noticed, as perhaps everyone who uses the H2 clearance method does, that the mode of implantation of the elec trode into the cortical tissue was critical. However, we did not attempt to reinsert the electrode; the electrode was held in the original position even if it yielded an irra tional flow value. The brain surface was closed with a covering of dental cement.
The measuring volume in the tissue by the H2 electrode is predicted to be 7 x 10-2 mm3 (the sensitive surface area of the electrode [(0.3/2) 2 x 3.14 mm 2 ) multiplied by the measuring thickness of the tissue layer (�1 mm)], and that by the photoelectric method 15 mm3 (the sensitive surface area of the SPD (s = 5 x 3 mm 2 ) multiplied by one-third the thickness of the tissue layer sandwiched be tween the SPD and lamp (h = �3 mm); i.e., the volume of the cone = sh/3. Thus, the photoelectric method would cover a more than 200 times larger volume of cor tical tissue. Figure 1 shows an actual protocol of simulta neous determinations of CBF(photoelectric) (con tinuous recording of CBV and frequent determina tions of t) and CBF(H2) in both the healthy (c) and ischemic (i) hemispheres of a cat (no. 8), which had been subjected to left-MCA occlusion 1 h pre viously, and the CBV of the ischemic hemisphere was paradoxically increased due to low perfusion hyperemia (Tomita et aI., 1980) . It should be noted that three determinations of CBF(photoelectric) were made during one determination of CBF(H2). The calculated flow values (mI· 100 g-I . min-I) in the healthy hemisphere were 40 for CBF(H2)c and 44, 44, and 46 for CBF(photoelectric)c' and the ischemic flow values were 8 for CBF(H2)j and 10, 12, and 10 for CBF(photoelectric)j, respectively. Calculation of the CBF for the ischemic hemi sphere was generally easier with the photoelectric method.
RESULTS
Ta ble 1 lists the values for CBF(H2) in the left hemisphere, CBF(photoelectric), t and CBV to gether with the MABP and expired CO2 in the nine cats. The flow rates under various conditions mea sured by the H2 clearance method ranged from 8 mI, 100 g-I . min-I to 239 mI· 100 g-I . min-I whereas those measured by the photoelectric method ranged from 9 ml . 100 g -I . min -I to 140 ml . 100 g-I . min -I. When all the flow values for CBF(H2) were plotted against the corresponding CBF(photoelectric), a linear correlation was ob served that could be expressed by the regression line, y = 1.077x + 3.64 (r = 0.588, p < 0.01). It method in both the ischemic (i) and healthy (c) hemispheres of a cat (no. 8). The paper speed was frequently changed between 10 cm' min-1 (dotted areas) for the tissue carbon black dilution curve (spike injection at arrow) and 3 cm' min-1 for the hydrogen clearance curve (short inhalation of 100% hydrogen at bar). It should be noted that three values of CBF(photoelectric) were obtained during a single hydrogen clearance estimation (see text for further details). SABP, systemic arterial blood pres sure; CBV, cerebral blood volume.
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should be noted that the slope was almost unity. However, a closer look into the individual paired flow values revealed some interindividual variation in the ratio of CBF(H2):CBF(photoelectric). In two cats, CBF(H2) was slightly higher whereas in five cats, CBF(H2) and CBF(photoelectric) showed nearly the same values. In cat 2, CBF(H2) de creased with CO2 inhalation while the simultaneous measurement of CBF(photoelectric) showed a two fold increase. In cat 8, in which bilateral measure ments were carried out, the control value for the left CBF(H2) was one-fourth of the CBF(photoelec tric) and less than half of the right CBF(H2) (Fig. 1) . In cat 9, CBF(H2) was statistically significantly higher (p < 0.01) than all the other values, based on Grubbs's sample criteria for testing outlying obser vations (Grubbs, 1956) . The mean control value for CBF(H2) was 50.7 ± 19.2 (SD) and that for CBF(photoelectric) was 52.1 ± 14.5 ml . 100 g -I . min -I, excluding cats 8 and 9 for the reasons outlined above. The CO2 reactivity of CBF(H2) in three cats was +0.75 ± 0.2 mI· 100 g-I . min-I . mm Hg-I, and that for CBF(photoelectric) was + 1.04 ± 0.46 mi, 100 g-I . min-I . mm Hg-I. The CBF values after MCA occlusion as a percentage of control in six cats were 34.3 ± 17.4% by the H2 method and 28.5 ± 12.5% by the photoelectric method. Figure 2 shows the relationship between intrain dividual changes in CBF(H2) and CBF(photoelec tric) measured simultaneously in a cat that was subjected successively to CO2 inhalation, hyper ventilation, exsanguination, reinfusion, and MCA occlusion. A better correlation between the two flow values was observed (y = 0.648x + 8.51; r = 0.957, p < 0.01) when compared with the r value for the total cases.
DISCUSSION

Comparison of individual paired flow values
Dissociated flow values were obtained by the H2 method and the photoelectric method when mea sured simultaneously from the same area of the brain. In cat 8, the control value of CBF(H2) was one-fourth of the CBF(photoelectric), whereas in cat 9, CBF(Hz) showed double the value of CBF(photoelectric). The tip of the H2 electrode could have been introduced into the white matter in the former case, and it could have been placed on, or with a residue inside, a large artery in the latter. However, as demonstrated in Fig. 2 , there was a general tendency that once the tip of the electrode Reinfusion CBF(H2), cerebral blood flow obtained by the_H2 clearance method; CBF(photoelectric), cerebral blood flow obtained by the photoelectric method; CBV, cerebral blood volume; t, mean transit time of blood indicated by carbon black; MABP, mean arterial blood pressure; CO2, carbon dioxide in expired air; MCAO, middle cerebral artery occlusion.
was fixed at a location within the brain tissue, the ratio of CBF(H2) and CBF(photoelectric) was con sistent even when the flow values were altered by several experimental procedures. Exceptionally in cat 2, the CBF(H2) with CO2 inhalation decreased while the CBF(photoelectric) measured simulta neously in the adjacent area of the cerebral cortex showed a twofold increase. This could have been due to spontaneous movement of the tip of the H2 electrode from the cortex to the deeper tissue of the subcortical area as the brain swelled on CO2 inhala tion.
Assumptions and flow values
Several assumptions underlie CBF measure ments made by both the H2 method and the photo electric method. Young (1980) pointed out that the H2 method has limitations due to polyexponential ity of the H2 clearance curve, arterial recirculation, the oxygen effect, and substances released from the oxidation-reduction system (e.g., ascorbic acid). In addition, CBF(H2) would depend greatly on the lo cation of the tip of the H2 electrode in the heteroge neous tissue with respect to the vascular geometry or flow rate. Due to the unknown time course of the arterial concentration and influence of intercom partmental diffusion, Kummer et aL (1986) con cluded that the H2 de saturation rate will provide no more than an index of the local CBF. In addition to these problems concerning CBF(H2), there have been no clear-cut reports on the blood-brain parti tion coefficient of hydrogen gas (X.) since the pio neering work of Aukland (1965) . The value of X. as well as the diffusion efficiency (m factor) of hy drogen gas across the capillary wall in the brain tissue has been assumed to be unity without confir matory evidence. Any deviation from unity for these values of X. and m must affect the flow values as predicted from the relation, CBF(H2) = X.k/m (Tomita and Gotoh, 1981b) .
As described previously (Tomita et aI., 1978a), the photoelectric method assumes that the Stewart Hamilton equation holds, with the flow being cal culated from CBV divided by t. We employed a value of 6.3 vol% for the CBV that was measured photometrically in cats (Tomita et aI., 1978a) .
Based on a similar principle of CBV It, a parameter of 3 ml biood/IOO g brain tissue was adopted by Co lacino et aL (1981) for measuring CBF in birds. Thus, the selection of CBV value could produce more than a twofold systemic difference in the esti mated CBF. For the present experiment, by the photoelectric method, a nondiffusible tracer, carbon black, was used to indicate the blood per fusing through the microvasculature. However, carbon black has been found to indicate plasma (Kobari et aI., 1982) , and not red blood cells, which show a dissociated transit from plasma in the tissue (Tomita and Gotoh, 1981a) . When carbon black was employed for calculating t, the CBF values would have to be corrected for the tissue hematocrit. This was not done in the case of CBF(photoelectric), be cause neither a precise value for the cerebral tissue hematocrit nor the size of the plasma volume in the cortical tissue was available. Other possible errors included in the t so calculated from the tissue carbon black dilution curve were the overlapping effect (Tomita et aI., 1983) and recirculation. The former would underestimate the flow by �7.6%, whereas an attempt to lessen the latter was made by Hamilton's extrapolation.
Regardless of these unresolved problems, it is worthy of note in our data that the mean values of CBF(photoelectric) and CBF(H2) in the anesthe tized state were generally in good agreement and comparable with those reported by others (Fieschi et al., 1969) . The flow changes with CO2 inhalation were comparable to those reported by Reivich (1964) as 1.3 mI· 100 g-I . min-I. mm Hg-I.
Comparison of the two methods
One major problem common to both the present methods and pointed out by many investigators is the inevitable tissue damage caused by insertion of the lamp or the hydrogen electrode. However, this seems not to influence the local circulation to any great extent. Preservation of the reactivity of the cerebral vessels to CO2 as shown by the present data proves that the vessels around the electrode or the photoelectric apparatus react as under physio logical conditions. Furthermore, retention of the fine biological mechanism of autoregulation of CBF has been demonstrated with the H2 method. When the autoregulation of the regional CBF during changes in systemic MABP is quantitated by calcu lating the closed loop gain (G) of the system as G = 1 -(changes in CBF)/(changes in MABP) x (MABP/CBF) as used by Norris et aL (1979) , and Dole and Bishop (1982) , the G values range from zero (no autoregulation, like flow in a rigid tube fol lowing Poiseuille's law) to 1 (flow maintained con stant despite changes in MABP). The value of G was 0.58 when calculated from the report of Sado shima et aL (1986) , who showed a slope of (55 -50)/(140 -110) mI· 100 g-I . min-I. mm Hg-I in their Fig. 1 using the H2 method in anesthetized Wistar-Kyoto rats. Although the photoelectric method requires insertion of a lamp (0.7 mm in outer diameter) that is slightly larger than the plat inum electrode placed in the tissue, the value of G was 0.78 when calculated from the slope of (60 -53)/(130 -60) (Tomita et aI., 1985) . Thus, we have also confirmed preservation of vascular reactivity to MABP changes (Tomita et aI., 1978a), similarly to Sandor et aL (1986) , who observed undisturbed CBV and CBF autoregulation during photoelectric CBV recording in rats. The value of less than unity is not attributable simply to tissue damage, but must also reflect the anesthetic given to the experi mental animals. Marcus et aL (1981) , using the mi crosphere technique, reported that the CBF of awake dogs was better maintained than that of anesthetized dogs. When G was calculated from their Fig. 2 , the value for the awake state was more than unity (an increase in CBF with hypotension) whereas that in the anesthetized state was �0.8.
The photoelectric method appears to have sev eral advantages over the H2 method, as follows: (a) CBV is monitored continuously; (b) time-to-time measurements of CBF «20 s) can be made to follow changes in response to a given stimulus: bi phasic changes in CBF(photoelectric) after MCA occlusion (Tomita et aI., 1980) were detected in contrast to a rather constant CBF(H2) during the period of ischemia (Hatashita and Hoff, 1988); there is immediate display of the flow conditions as represented by the indicator dilution curve; and (d) analysis of the tissue dilution curve provides flow information (microcirculatory parameters: To mita et aI., 1983). The H2 method has the merit of being able to measure CBF at several points in the hemi sphere concomitantly, especially the CBF in the deep structures of the brain (Pasztor et al., 1973) .
The present excellent correlation between the two methods of flow determination substantiates the method of computing the mean transit time and CBV. The mean flow values as well as flow changes in the same area of the cortex based on two dif ferent tracers, one diffusible and the other nondif fusible, were for practical purposes almost iden tical. These data confirm the mutual validity of the two methods. 
